More than 90% of the buildings in Taiwan use reinforced concrete (RC) structures. It is crucial to human life and property to determine whether the RC structure is safe after fire damage. However, it is impossible to obtain fire thermal parameters quantitative data from actual building fires. Therefore, numerical simulation software that simulates fire scenarios was used to model fires for fire protection engineering. Beam strength decreases because of high temperature. To obtain precise beam temperature profiles in a building fire, this study used the fire model FDS and field model PHOENICS software to simulate fire development and beam inner temperature variation. Fire scenarios and beam surface temperatures in a room fire were analyzed by the FDS fire model. Beam boundary temperatures were transferred into the PHOENICS field model to compute the detailed temperature profile within the beam. The structural strength was estimated by using beam various cross-section temperatures to investigate dynamic ultimate bending moment of a RC beam in a room fire. Through the various simulations and calculations, this investigation obtained the influence of various beam positions, fire intensity, fire duration and fire damage sustained (whether two or three faces) by a RC beam after a building fire.
Introduction
Taiwan is a densely populated region. Buildings are constructed close to one another in urban areas where a large population is gathered. To efficiently use building space, property owners tend to add extra structures and alter the main building structures. If fire breaks out at places that are difficult for firefighters to access, the fire will last for a prolonged period and the main building structure will be considerably damaged.
To determine if a building is usable after fire exposure, most industrial experts follow three steps, as follows: initial inspection, second review, and appraisal on structural safety. However, no objective and quantifiable statistics are available to support inspection results and ensure the validity of judgments. Thus, the availability of analytical method that is based on engineering principles and conforms to mechanical theories will considerably enhance the validity of expert judgments for buildings that were exposed to fire. Numerous factors reduce structural strengths of construction materials, including steel bars and concrete, duration of the fire, and the main parameter of the peak fire temperature [1] . The temperature distribution within components is mainly related to the heat capacity and thermal conductivity of construction materials. Steel bars are a single-composition material with simple thermal property. However, concrete is a more complicated material formed by cement, sand, aggregate and water. Because it contains tiny pores and mist, the interactive influences from chemical compounds and physical properties are more obvious after heat exposure, and various heating rates and processes cause changes in the properties of RC materials [2] [3] . Because of its location, a beam may be exposed to fire at one side, two sides or three sides, which will cause the following: (1) uneven temperature distribution within the beam (RC material) and (2) the overall structural strength will reduce unevenly after fire exposure [4] . Two CFDs, or computer numerical simulation applications, were used.
Numerical Simulation Model
Programs used in this study include FDS, or fluid dynamics software, PHOENICS simulation method, and beam structural strength physical models. They are discussed in the following paragraph.
FDS, or field model fire simulation software, was developed by the NIST/BFRL (National Institute of Standards and Technology). The first version was released in February 2000, and new features are continuously introduced. FDS v 5.5.0 was released in April 2010. This program uses LES, or Large Eddy Simulation, to perform calculations of the thermal fluid field; combustion of mixture components as the combustion model; and FVM, or Finite Volume Method, to solve radiation heat transfer. Multiple-mesh, sprinkler equipment, and ventilation equipment can be set in the simulation. The MPI, or Message Passing Interface, in FDS can accelerate fire simulation performance, and Smokeview, the post-processing application, can display 3D dynamic changes of parameters at a fire scene [5, 6] . Navier-stokes equations were used in the FDS to compute the effect of fire on the fluid field and heat transfer in building space. The conservation equations include the following:
(1) mass conservation equation In this study, an 8.1m H X 2.7m W X 3.6m H space was constructed by using FDS and its 3D diagram, and all boundary conditions are presented in Figure 1 and Table 1 . In the fire growth stage, the magnitude of fire was set to grow at a rate of t square ( 2 t Q α = and fire growth coefficient
) [7, 8] ; the HRR at the ignition source remained at the maximal value until the end of the simulation (3 MW, 4.5 MW, 6 MW).The total simulation duration was 240 minutes. 
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PHOENICS
Beam Temperature Distribution Numerical Simulation Model. Based on the SIMPLE algorithm introduced in 1980, PHOENICS solves equations by using RANS equations (Reynolds Averaged Navier-Stokes). First discussed in 1981, PHOENICS is a mature CFD application and is widely used for computing cold and thermal fluid fields. It has become easier and more flexible to use over the years. To enhance user-friendliness, the IN-FORM interface feature was added in 2001, and can integrate user-entered data with computation modules to facilitate parameter setup, modification of equation solution, and presentation of simulation results.
Because users can design their own add-ons, PHOENICS can simulate fluid field scenarios that are more complicated and actually take place at real fire scenes. Therefore, PHOENICS was used in this study as a tool to calculate the internal heat transfer rate of a beam. The governing equation is expressed as follows:
Γ S are the physical parameter and diffusion coefficient and source, respectively. This study simulated a beam that is 240cm L × 30cm W × 40cm H in dimensions, with the following parameters: four outer steel bars; two inner steel bars; and 25 rings of hoops. The structural layout is displayed in Figure 2 . Two beam models were first constructed in PHOENICS, as follows: 1) two side fire exposure and 2) three side fire exposure (Figure 3 and 4 .) The ceiling boards and wall were pure concrete with thicknesses of 15cm and 10cm, respectively. To calculate temperature distribution within the beam, the grid area in the cross section of the beam was set to 0.5cm × 0.5cm, and 1cm × 1cm for the rest of the beam. To enhance temperature precision and simulation performance, the total beam length was evenly divided into 48 grid points, after an independence test was performed on a grid (refer to Figure 5 ). Because RC diffusion coefficient k / ρC p exerted considerable influences on temperature distribution, this study set the RC thermal conductivity coefficient (k) and specific volume (C p ) to vary with temperature changes in PHOENICS (density ρ was set to a constant), and the equations [9] , as follows: [10] , the component strength design under torsion load is based on the following hypotheses: 1. The distance between strain axis (steel bars and concretes) and neutral axis remains proportional, and the perpendicular cross-section on the bent axis remains flat after it is subjected to bending forces. 2.Before reaching fy, or the threshold stress, the stress of steel bar can be replaced with the product between εs , or the stress strain between Es, or the elastic modulus. After the stress becomes larger than fy/Es, it is considered irrelevant to stress and equal to fy. 3. The RC tensile strength is ignored when calculating the flexural strength. 4. The beam strength equation was derived based on these hypotheses and coded by using Fortran.
The derivation process and the temperature distribution simulation flowchart (after fire exposure) are shown in Figure 6 .
Result and Discussion
This study used various HRRs to discuss the temperature distribution of a beam when two and three sides are exposed to fire, and analyzed the reduction of beam strength of various cross sections as the temperature changed. The details are as follows:
Depict the temperature distribution of Y cross section after the FDS simulated ignition source reached each maximal HRR (Figure 7) (3MW) at the 60 th minute. Because the fire growth rate was set to rapid growth, the ignition sources reached their maximum HRRs within a short period (253 seconds (3MW); and the HRRs remained until simulations were completed. At 3 MW, the high temperature smoke was blocked by the RC beam and the highest temperature was detected near the ceiling area above the ignition source; and temperature differences (approximately 600 °C) were observed between the upper and lower layers at the external part of fire.. This result indicated that fire of various magnitudes exerts various influences on the RC beam. Thus, for 3 MW, only the strengths of Beams 3, 4 and 5 were covered. The temperature distribution of Beam 3 cross sections (130 cm point) from the 60 th to 240 th minutes are presented in Figure 8 . Color figures are welcome for the online version of the journal. Generally, these figures will be reduced to black and white for the print version. The author should indicate on the checklist if he wishes to have them printed in full color and make the necessary payments in advance. 
Conclusion
The simulation result indicates that ignition source HRR, relative locations of ignition sources and beams, and level of beam fire exposure (for example, two or three sides) exert influences on the structural strengths of beam cross sections after fire exposure. As ignition source HRR increases, the level of strength reductions at the beam will gradually reduce. Hence, the changes in beam structural
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Machine Design and Manufacturing Engineering strength after fire exposure are directly related to magnitudes of fire that occur at the same zone. The analyzing method in this study can focus on the level of strength reduction after a beam is exposed to fire, with which users can accomplish the following: 1. understand whether the original structural strength changed after fire exposure, and 2. identify weaker beam sections for structural reinforcement.
